Photoinduced triplet-state electron transfer of platinum porphyrin: a one-step direct method for sensing iodide with an unprecedented detection limit † Dilshad Masih, Shawkat M. Aly, ‡ Erkki Alarousu and Omar F. Mohammed * Here, we report for the first time a one-step direct method for sensing halides in aqueous solution using phosphorescence quenching of platinum-cationic porphyrin. This method offers an easy, rapid, environmentally friendly, ultra-sensitive (with a previously unattained detection limit of 1 Â 10 À12 M) and economical method for the determination of iodide. To fully understand the reaction mechanism responsible for the phosphorescence quenching process, we have employed cutting-edge time-resolved laser spectroscopy with broadband capabilities.
Anions play a pivotal role in biological, chemical and environmental processes, and they have begun to receive increasing attention. [1] [2] [3] Among anions, iodide is of special note not only because of its physiological importance 4, 5 in controlling metabolic activities but also as an essential factor in energy conversion processes. [6] [7] [8] [9] [10] [11] Both deciency and excess of iodide can result in malfunctions and disorders in the human body. [12] [13] [14] In addition to its environmental and biological importance, iodide is a key component of a redox couple oen used in solar-energyharvesting systems. 15 Various methods can be used for the determination of iodide, 16 including photoluminescence, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] colorimetric detection, [33] [34] [35] [36] [37] time-resolved absorption techniques, 38 mass spectrometry, 39-41 chromatography, 42 Raman scattering 43, 44 and electrochemical proling.
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However, because of its large size and weakly basic nature, the binding capacity of iodide is the weakest among the halide ions. Therefore, the development of a simple, rapid, direct and economical method for the determination of iodide is still under investigation.
Researchers have recently demonstrated great interest in the development of photoluminescence-based methods for the highly sensitive, rapid and selective determination of iodide. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] However, the complex preparation of the uo-rophores, their low hydrophilicity, and the fact that the multistep determination of iodide usually involves a toxic reagent (Hg) have hampered the widespread application of photoluminescence-based methods. In this study, we report a 5,10,15,20-tetra(1-methyl-4-pyridino)-porphyrin Pt(II) tetrachloride (Pt(II)TMPyP)-based photoluminescence sensor for the ultra-sensitive, easy, rapid, environmentally friendly and economical determination of iodide. This method represents a one-step direct technique for monitoring iodide in an aqueous phase with a pico-molar (pmol) detection limit. In the presence of iodide, the quenching of the photoluminescence of Pt(II) TMPyP can be directly monitored upon irradiation with visible light. This method does not require complex preparatory steps or an additional species such as Hg, which is usually used for the activation of uorophores as a uorescence turn-on signal. [20] [21] [22] [23] [24] [25] [26] The extreme toxicity and special handling and disposal requirements of Hg pose great concerns and limit the use of sensors activated with Hg. In this study, we not only provide a simple method with a previously unattained (1 Â 10 À12 M) detection limit in aqueous solution but also propose a detailed mechanism for photoluminescence quenching using cutting-edge ultrafast laser spectroscopy with broadband capabilities. Interestingly, a control experiment using Zn(II) TMPyP clearly indicated that the Pt metal center is the key element for the quenching and the extremely low detection limit. Both of the investigated porphyrins, Pt(II)TMPyP and Zn(II) TMPyP, were supplied by Frontier Scientic. High-purity halide salts of NH 4 F, NaCl, KBr and KI were purchased from SigmaAldrich. Porphyrins and halide salts were completely dissolved in Milli-Q water, and all spectral measurements were performed without any additions. Absorption spectra were recorded on a Cary 6000i UV-Vis-NIR spectrophotometer (Varian, Inc.). Steadystate photoluminescence spectra were recorded with a JobinYvon-Horiba Fluoromax-4 spectrouorometer. We utilized femto-and nanosecond transient absorption spectroscopy to probe the photophysical processes that occur upon photoexcitation of Pt(II)TMPyP with and without iodide. The experimental setup is detailed elsewhere.
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Fig. 1 displays the steady-state absorption and photoluminescence spectra of Pt(II)TMPyP alone and with various halide ions, i.e., chloride, bromide and iodide. Three milliliters of 12.8 mM Pt(II)TMPyP aqueous solution was added to a quartz cuvette with a 1 cm path length, and an aqueous solution of a halide ion was then added. Samples were excited at 512 nm, and the aperture size for both the entrance and exit slits was kept the same for all experiments. The obtained emission agrees in shape and position with previously reported Pt(II) porphyrin emission which is mainly due to the heavy atom effect of Pt(II) as the central atom leading to efficient intersystem crossing (ISC). 50, 51 As evident from Fig. 1 (le panel), the change in peak intensity and position in the absorption spectrum of Pt(II) TMPyP aer halide addition was negligible. In contrast, a signicant intensity quenching in the photoluminescence spectrum upon halide ion addition is clearly evident in the gure. The quenching magnitude for the different halides decreased in the order iodide > bromide > chloride. The addition of 1.2 mmol of chloride led to approximately 28% quenching of the photoluminescence of Pt(II)TMPyP, and the extent of quenching increased down the halogen group, with almost 75 and 90% quenching observed aer the addition of similar amounts of bromide (1.05 mmol) and iodide (1.07 mmol), respectively. It is worth mentioning that uoride did not show any signicant tendency to interact with Pt(II)TMPyP (see Fig. S10 †) .
The literature contains only a few reports on the ultra-trace, low-pmol-level detection of iodide. Wygladacz et al. reported a uorescent microsphere ber optic microsensor array for the low-pmol detection of iodide.
29 However, the microsensor exhibited the lowest limit of detection of 3 pmol only at pH 3.5. Recently, Dasary et al. reported a surface-enhanced Raman scattering probe for ultra-sensitive detection. 43 An iodide detection limit of 30 pmol was demonstrated on the basis of indirect Raman intensity originating from the desorption of rhodamine from gold nanoparticles.
The detection limit was determined from our photoluminescence quenching results using the 3s IUPAC method, where the detection limit ¼ 3s/slope. 20, 24, 26, 33, 36 A calibration curve for photoluminescence intensity against iodide concentration was rst constructed (Fig. S1 †) . The slope value was taken from the curve, and the standard deviation s was calculated for the photoluminescence intensity of the blank Pt(II)TMPyP solution in the absence of iodide. Interestingly, a never-before-attained detection limit of 1 pmol was obtained.
The photoluminescence quenching upon the addition of halides indicates the presence of a photoinduced electron transfer event between the halide donor and the Pt(II)TMPyP acceptor. Stern-Volmer plots for all of the halide ions show a deviation from linearity with Pt(II)TMPyP (Fig. S2 and S3 †) , indicating that a static reaction is involved in the quenching process. The observed negative deviation from linearity in Stern-Volmer plots at very high halide concentration can be attributed to the formation of a luminescent exciplex between the negatively charged halide and the poor electron density on the Pt metallic center (explained below in transient measurements). 54 establishing the fact that quenching is due to the static interaction between the donor-acceptor components. To conrm the static quenching, the phosphorescence lifetimes of the free Pt(II) TMPyP and in the presence of different iodide concentrations giving 30, 50, and 70% quenching were measured; the results are displayed in Fig. S4 . † The time decay curves collected for the four solutions exhibited the same lifetime, conrming the static nature of the quenching mechanism. 53 Further conrmation of the static nature of the quenching mechanism is indicated by the similarity of the Stern-Volmer quenching constants for samples in water and methanol (see Fig. S5 †) . Despite the different viscosities of water and methanol, the K SV values extracted for the iodide interaction with Pt(II)TMPyP in methanol is 8.6 mM À1 and that in water is 8.01 mM À1 . The similarity between these values suggests that quenching does not depend on solvent viscosity, which favors a static-interaction explanation. Similar to the Pt(II)TMPyP and iodide system, 1.07 mmol of iodide was sequentially added to 3 mL of 12.7 mM Zn(II)TMPyP. The steady-state and excited-state absorptions remained essentially the same before and aer the iodide addition ( Fig. S6 and S7 †). For the photoluminescence measurements of Zn(II) TMPyP with the addition of 1.07 mmol iodide, in contrast to the 90% photoluminescence quenching observed in the iodidePt(II)TMPyP mixture, only approximately 7% quenching was observed (Fig. S6 †) . This quenching behavior demonstrates that the change in the photoluminescence was specic to the metal center in the cavity of the porphyrin and pertained to its emissive state, as discussed below.
Transient absorption (TA) spectroscopy is an essential method for investigating photoinduced excited-state interactions. [55] [56] [57] In the present work, the excited-state interaction of halides with Pt(II)TMPyP was examined using nanosecond (ns) and femtosecond (fs) TA spectroscopy. The recorded ns-TA spectra of aqueous solutions of free Pt(II)TMPyP and its mixtures with chloride, bromide, and iodide collected aer 350 nm photoexcitation are shown in Fig. 2 .
The ns-TA spectra of Pt(II)TMPyP with and without halides show ground-state bleaching at $400 nm and excited-state T 1 -T n absorption over the range of 420-600 nm. These spectral features are consistent with the reported excited-state triplet absorption of porphyrin molecules. 58, 59 Members of this class of porphyrins in which Pt is the central atom are known to exhibit a very rapid and efficient singlet-to-triplet (S 1 / T 1 ) intersystem crossing associated with strong spin-orbit coupling. 60 The TA spectra of Pt(II)TMPyP show a change over a time window of up to 4 ms, which is in agreement with the reported triplet lifetime of aerated solutions ($1 ms) . 58 The TA spectra recorded in the presence of halides demonstrate a signicant shortening of the time window. Moreover, the time window over which TA spectra are detected shows a further shortening in the same order of chloride > bromide > iodide. The kinetic traces collected from the TA spectra at both the ground-state bleach recovery and the excited-state absorption decay are shown in Fig. 3 . All kinetic traces both for ground-state bleach and excitedstate decay are tted to single exponent tting curves as shown in the gure. The ground-state bleach recovery extracted from the TA spectra of Pt(II)TMPyP in the presence of halides decreases in the order of Pt(II)TMPyP (1.03 ms) > Pt(II)TMPyPchloride (0.56 ms) > Pt(II)TMPyP-bromide (0.09 ms) > Pt(II)TMPyPiodide (0.04 ms). This overall fast deactivation of the triplet signal implies the presence of an extra process involved in the deactivation of the excited state when halides are present compared to the case of free Pt(II) porphyrin. Notably, the ring reduction potential of Pt(II) porphyrin are in the range of À1.39 to À1.3 V, 61 whereas the oxidation potentials of the halides (X À /X) are 1.36, 1.087, and 0.535 V for chloride, bromide, and iodide, respectively. 62 The rapid changes in the TA spectra, the redox properties and the lack of any possibility for energy transfer suggests a photoinduced electron transfer from the halides to the Pt(II)TMPyP*. In general, a peripheral substituent at the meso position on a porphyrin macrocycle can signicantly change its electrochemical potential.
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In this regime, the electron-accepting positively charged pyridinium units (CH 3 -N + ) on the meso positions of the porphyrin will extract the electron density from the porphyrin macrocycle via intramolecular charge transfer (ICT). 64 If we consider the ICT in conjunction with Pt(II) as the central atom in the TMPyP core, Pt-to-porphyrin back electron donation (d / e g (p*)) 50,65 produces a region of poor electron density on the Pt metallic center. The generation of this region is expected to facilitate the axial electron transfer interaction with the Pt central atom. Hence, upon photoexcitation, an attractive center is anticipated to be formed around the Pt in the center of Pt(II) TMPyP, which, in turn, facilitates the attraction of the negatively charged halides, triggering electron transfer. Notably, the strong spectral overlap between the porphyrin anion radical, which is reported to occur at 470 nm, and T 1 -T n TA and the very low concentration of halide used in these experiments make monitoring of the anion radical absorption difficult.
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To conrm the importance of Pt as the central atom in the suggested mechanism, a control experiment was carried out using Zn(II)TMPyP with iodide; in this experiment, the TA did not exhibit any change (see Fig. S7 †) , conrming that the interaction occurs with the Pt at the porphyrin macrocycle center. Further conrmation of the fast photoinduced electron transfer was provided by the fs-TA in Fig. S8 and S9 . † In the case of Pt(II)TMPyP, the triplet-triplet absorption developed within 120 fs, which was the temporal resolution of our experiment. This result is in good agreement with the efficient and fast ISC. 50, 51 In contrast, the fs-TA for Pt(II)TMPyP in the presence of iodide (see Fig. S9 †) exhibited a rapid change in the ground-state bleach, indicating the rapid deactivation of the excited state because of the photoinduced electron transfer between iodide and Pt(II)TMPyP, as simplied in Fig. 4 . Taking advantage of this Pt(II)TMPyP-iodide system, further research is going on towards the development of porphyrin-based sensors for other crucial anions like sulde and cyanide.
In summary, many halogen containing compounds have come into everyday use in the elds of chemistry, biology, medicine, plastics, food and even photography. Many techniques for the detection of these halogen compounds and ions have been developed not only to reduce the complexity and cost of the analysis but also to improve the detection sensitivity. In these techniques various types of materials namely polymers, porphyrins, nano-particles/clusters, quantum dots, DNA logic gates, and composites have been tried as a photoluminescence sensor for the detection of halides. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] The requirement of controlled shape and size makes nano-sized materials a less preferred choice as a sensor. Furthermore, deterioration and modication of nano-sized materials also question their application. Herein, we report for the rst time the photoinduced triplet-state electron transfer of Pt(II)TMPyP as an easy, rapid, environmentally friendly, ultra-sensitive (a never-beforeattained detection limit of 1 Â 10 À12 M) and economical method for the determination of iodide in the aqueous phase. Pt(II) porphyrin phosphorescence was observed to be quenched to different magnitudes through the use of different halides. The efficiency of quenching was experimentally demonstrated to increase in the order chloride < bromide < iodide. The very low concentration range over which the Pt(II) porphyrin exhibit quenching and the simplicity of the measurements constitute the basis for a very safe and efficient halide sensor in the analytical market.
